Films consisting of a vanadium pentoxide ͑i.e., V 2 O 5 ͒ phase formed within a rubbery block copolymer were developed for their potential use as nanocomposite cathodes in lithium rechargeable batteries. Films were prepared by sol-gel synthesis from vanadyl triisopropoxide precursor in poly͑oligooxyethylene methacrylate͒-block-poly͑butyl methacrylate͒, incorporating LiCF 3 SO 3 and carbon black as conductivity additives. The morphology of the films was examined using electron microscopy, and their electrochemical performance was assessed by galvanostatic cycling. An all-solid-state battery comprising a polymer-based cathode and a block copolymer electrolyte was cycled repeatedly. The capacity was measured to be 40 mAh/g and found to be limited by the conductivity of the polymer electrolyte. A comparison between a nanocomposite cathode and a control cathode with the same carbon:vanadium oxide ratio demonstrated higher rate capability for the nanocomposite sample when paired with a liquid electrolyte. This study demonstrates the potential utility of block copolymers in the fabrication of high-surface-area cathodes for lithium batteries.
Vanadium oxide has been studied extensively as an insertion cathode material for lithium-ion batteries due to its stability, relative safety, low cost, ease of synthesis, and high energy density. 1 Vanadium oxides synthesized via sol-gel chemistry from vanadic acid or vanadyl alkoxides result in amorphous xerogels. 2 One method employed to improve the capacity of sol-gel vanadium oxides in lithium batteries has been altering the way the solvent phase is removed through techniques including supercritical drying, 3 freeze-drying, 4 or solvent exchange. 5, 6 The resulting microstructures ͑called aerogels in the case of supercritical or freeze-drying and ambigels in the case of solvent exchange methods͒ lead to a higher capacity and rate capability than vanadium oxide xerogels due to increased surface area ͑ϳ200 to 400 m 2 /g compared to ϳ20 m 2 /g͒ and reduced diffusion distances for intercalated ions. 7 When cycled between 4.0 and 1.5 V, vanadium oxide aerogels achieved capacities of 410 mAh/g at C/40. 6 Baudrin et al. have used the vanadium oxide aerogel structure to access a metastable phase with capacities in excess of 500 mAh/g. 8 Recently, vanadium oxide sol coated onto colloidal-crystal-templated porous carbon resulted in cathodes with capacities as high as 90 mAh per gram of V 2 O 5 /carbon composite at specific currents as high as 5 A/g. 9 Other nanoscale microstructures of vanadium oxide investigated for battery applications include nanoparticles, -tubes, -rolls, -rods, and -ribbons. [10] [11] [12] [13] [14] [15] [16] [17] [18] Singhal et al. observed increased capacity for electrodes incorporating partially crystalline nanoparticles ͑vs coarsegrained particles͒ of vanadium oxide produced using a combustionflame/chemical-vapor-condensation process. 10 Patrissi and Martin, 11, 12 Sides et al., 13 and Sides and Martin 16 synthesized vanadium oxide nanorods using track-etched polycarbonate or anodic alumina membranes as templates and demonstrated their increased rate capability and capacity compared to that of thin-film controls. In one study, nanorod arrays exhibited three times the capacity of thin films at discharge rates of 200 C. 11 More recently, Cui et al. demonstrated fully reversible cycling of nanoribbons between Li 3 V 2 O 5 and V 2 O 5 phases, which they attributed to rapid phase transformation kinetics in these nanoscale materials. 15 Vanadium oxide nanotubes for battery applications have also been synthesized through hydrothermal methods employing V 2 O 5 precursors and structure-directing amphiphiles, 17 and through template-based electrodeposition techniques. 14, 18 In the present work, an alternate synthesis approach is taken to access high surface area-to-volume ratios using microphaseseparating block copolymers to structure direct the sol-gel synthesis of vanadium oxide. Our previous research employed the block copolymer electrolyte poly͑oligooxyethylene methacrylate͒-blockpoly͑n-butyl methacrylate͒, POEM-b-PBMA, as a matrix to grow vanadium oxide within the lithium ion-conducting POEM domains. 19 The present study extends this work by incorporating carbon black ͑CB͒ into the nanocomposite films as a conductivity additive, essential for the construction of batteries. The morphology of the films was examined by electron microscopy, and their electrochemical performance was assessed by galvanostatic cycling. The nanocomposite cycled reversibly as a cathode vs lithium using a solid polymer electrolyte and showed improved rate capability over the composite cathode control.
Experimental
The block copolymer POEM-b-PBMA was synthesized by atom transfer radical polymerization as described previously. 19, 20 The chemical structure of the final POEM-b-PBMA block copolymer is shown in Fig. 1 POEM:PBMA and had a molecular weight of 70 kg/mol based on gel permeation chromatography analysis with polystyrene standards. To obtain samples for pyrolysis and scanning electron microscopy ͑SEM͒ analysis, coassembled nanocomposite films of POEM-b-PBMA incorporating 34 wt % vanadium oxide, termed herein POEM-b-PBMA/VO x , were prepared as previously reported. 19, 20 Briefly, POEM-b-PBMA ͑5 wt %͒ was dissolved in acetone followed by the addition of 50 wt % vanadyl triisopropoxide, VO͑OC 3 H 7 ͒ 3 ͓VO͑O i Pr͒ 3 ,Gelest͔, and the resulting solution stirred for 30 min. Deionized ͑DI͒ water was then added in a molar ratio of 40:1 H 2 O:V to initiate gelation. After 1 h stirring, solutions were solvent cast into Teflon dishes ͑VWR Scientific͒ and dried in air under glass Petri dishes for Ͼ48 h, then heated under vacuum at 80°C overnight to remove residual solvent. Some films were subsequently heated to 400°C under argon ͑ramped at 3 K/min; held 1.5 h at temperature͒ to pyrolyze the polymer phase, followed by a heating phase in air ͑ramped to 400°C at 2 K/min and removed immediately upon reaching temperature͒ to ensure the formation of V 2 O 5 . SEM was performed on films after pyrolysis to visualize the morphology of the oxide component. Samples were coated with Au/Pd and mounted with carbon tape onto aluminum posts and the microscopy was performed on a JEOL 6320FV fieldemission high-resolution SEM at 1 kV. The surface area of the samples was also determined using the Brunauer, Emmet, and Teller ͑BET͒ technique on a Micrometrics ASAP2020 instrument. Prior to the measurement, the samples underwent degassing for 2 h under flowing nitrogen at 100°C. Control films of sol-gel derived VO x synthesized in the absence of POEM-b-PBMA were also characterized.
In order to obtain films that could be cycled as cathodes in Li batteries, modifications were made to the previously described procedure. Lithium trifluoromethanesulfate, LiCF 3 SO 3 ͑VWR Scientific͒, was added to 0.1 g of POEM-b-PBMA in the ratio 20:1 EO:Li in the glove box under inert conditions. The polymer/salt mixture was then dissolved in 5 g acetone outside the glove box. After stirring, 0.1 g VO͑O i Pr͒ 3 was added to this solution. Films also contained 5 wt % acidified CB ͑Super P, Cabot Corp.͒ acting as a conductivity additive. To modify the surface chemistry of the CB, the powder was refluxed with fuming sulfuric acid ͑VWR Scientific͒ for 1 h at 80°C. 21 After rinsing with DI water, the CB was dried under vacuum overnight at 100°C, cryoground in liquid nitrogen to break up aggregates, and sonicated in acetone ͑5 mL͒ for 1 h. This mixture was added to the precursor/polymer solution.
The mixture containing POEM-b-PBMA, VO͑O i Pr͒ 3 , and CB was allowed to stir for 15 minutes. DI water was subsequently added and the solution cast into a Teflon dish and dried overnight as described above. The resulting 100 m thick films, termed herein POEM-b-PBMA/VO x /CB, were vacuum dried at 80°C overnight. Thermogravimetric analysis ͓͑TGA͒, model Q50, TA Instruments, Inc.͔ was performed on the product film under a nitrogen atmosphere using a heating rate of 20°C/min and a temperature range of 30-600°C. TGA revealed the vanadium oxide content of the final film to be 34 wt % accounting for the presence of the CB component. 19 Microstructural characterization of the POEM-b-PBMA/VO x / CB films was carried out using a JEOL 2010 CX transmission electron microscope ͑TEM͒ in bright field mode at 200 keV. The samples were prepared by cryomicrotoming ϳ50 nm sections using a diamond knife, placing the sections on copper grids and coating them with ϳ15 nm of carbon through thermal evaporation. Wideangle X-ray scattering ͑WAXS͒ experiments were carried out on a Rigaku Rotaflex 18 kW rotating anode X-ray generator with Cu K␣ radiation operated at 60 kV and 300 mA. The 2 range was from 5 to 60°with a scanning speed of 2°/min and sample-to-detector distance of 185 mm.
Coin cells, of several configurations shown in Fig. 2a -c, were prepared in an argon-filled glove box to assess the electrochemical behavior of the composite films. Figure 2a depicts cells containing POEM-b-PBMA/VO x /CB films as cathodes and a POEM-b-PBMA solid polymer electrolyte ͑SPE͒ 20 to enable a seamless interface. For these cells, polymer films ͑ϳ30 m͒ doped with LiCF 3 SO 3 at a Li:EO ratio of 1:20 acting as the solid electrolyte were cast from anhydrous tetrahydrofuran on a lithium metal disk ͑VWR Scientific͒ used as the anode. After casting the electrolyte, the coated disk was vacuum dried for 40 min to remove residual solvent. Then a porous polypropylene washer ͑Celgard 2300, Celgard, Inc., Charlotte, NC͒ was placed on the Li disk to prevent edge shorting, and the POEM-b-PBMA/VO x /CB cathode was placed on top. Stainless steel current collectors were used on both sides of the cells. Cells were also made with the POEM-b-PBMA/VO x /CB cathode films using liquid electrolyte containing 1 M LiPF 6 in ethylene carbonate:dimethyl carbonate ͑Merck kGaA͒ 1:1 by mass with a Celgard 2300 disk as a separator to prevent shorting ͑shown in Fig.  2b͒ .
Cells for controls were prepared using conventional composite cathodes made of sol-gel vanadium oxide, CB and poly͑vinylidene fluoride͒ ͑PVDF, Kynar͒ as a binder as shown in Fig. 2c . Conventional composite cathodes were made by mixing the active battery material ͑vanadium oxide͒ with 10 wt % PVDF, and 5 wt % Super P CB. N-methylpyrrolidone ͑NMP͒ ͑Sigma Aldrich͒ was added in the mixture and was cast onto aluminum foil ͑VWR Scientific͒ and allowed to dry. Lower current rates were explored using a potentiostat ͑Solartron 1287, Solartron Analytical, Oak Ridge, TN͒ controlled by a PC running CorrWare ͑Scribner Associates, Inc., Southern Pines, NC͒. Cycle testing was conducted galvanostatically at 25°C with a Maccor series 4000 automated test system. Voltage limits were set at 3.5 and 2.5 V with varying discharge and charge rates.
In addition, the conductivity of POEM-b-PBMA/VO x /CB nanocomposite films was measured by impedance spectroscopy using a frequency response analyzer ͑Solartron 1255, Solartron Analytical, Oak Ridge, TN͒, coupled to a potentiostat ͑Solartron 1287, Solartron Analytical, Oak Ridge, TN͒ and controlled by a PC running commercially available software ͑Zplot, Scribner Associates, Inc., Southern Pines, NC͒. The test fixture consisted of two blocking electrodes made of stainless steel and a Teflon washer of known diameter fixed the specimen area. The thickness of the sample was measured using a micrometer before and after the conductivity measurement to verify its consistency throughout the experiment.
Control films containing POEM-b-PBMA block copolymer and salt with addition of vanadium oxide only or CB only were also fabricated and dried under similar conditions. The redox behavior of the POEM-b-PBMA/VO x /CB films was compared to these control films using cyclic voltammetry ͑CV͒ in a three-electrode cell. Films were cast on indium tin oxide-coated glass substrates for threeelectrode cell measurements. The electrolyte consisted of 1 M LiClO 4 in propylene carbonate. The reference electrode was a glass tube sealed at one end and containing a silver wire immersed in a solution of acetonitrile saturated with AgNO 3 . A frit at the bottom of the tube enabled electrical contact with the electrolyte in the main chamber. A platinum foil served as the counter electrode. The potential was swept from 1.0 to 1.5 V vs Ag/Ag + at 50 mV/s using a potentiostat ͑Solartron 1287, Solartron Analytical, Oak Ridge, TN͒ controlled by a PC running CorrWare ͑Scribner Associates, Inc., Southern Pines, NC͒.
Results
As shown previously, 19 the microphase-separated morphology of POEM-b-PBMA serves to structure direct the growth of nanophase vanadium oxide within the ion-conducting POEM domains. On removing the polymer through pyrolysis, SEM could be used to better visualize the resulting oxide microstructure. Figure 3 shows the microstructure of the POEM-b-PBMA/VO x films after pyrolysis at 400°C under argon ͑followed by a heating phase in air͒ along with that of a VO x control ͑nontemplated͒ film heated under the same conditions. Elemental analysis performed on the templated film revealed that after the argon step of the pyrolysis 12 wt % carbon remained from the partial conversion of the copolymer and after the full heat-treatment ϳ0.13 wt % carbon remained. The microstructure of the control film ͑Fig. 3a͒ shows large featureless micronsized plates. By contrast, the block copolymer-templated vanadium oxide ͑Fig. 3b͒ exhibits a high degree of porosity, with pore size and spacing that are consistent with the template morphology. 19 The surface area of the templated oxide was measured to be ϳ200 m 2 /g using BET techniques, while the control had a surface area ϳ20 m 2 /g. The WAXS data shown in Fig. 4 verify that the orthorhombic structure of vanadium oxide is formed on heating to 400°C. The observed diffraction peaks match those of V 2 O 5 ͑PDF no. 41-1426͒, shown below the experimental data.
Templated and control ͑nontemplated͒ vanadium oxide samples were mixed with PVDF, CB, and NMP, and cast on aluminum foil to create conventional composite cathodes. Cells were cycled with liquid electrolyte to assess the effects of the nanoporous oxide structure on cathode performance. Results of first discharge curves at C/10 and 10 C, where C/1 is defined as the current rate to discharge the theoretical capacity of V 2 O 5 ͑147 mAh/g͒ in 1 h, from 2.5 to 3.5 V are shown in Fig. 5 . The plateaus evident in the discharge profiles of both films are consistent with orthorhombic vanadium pentoxide. 4, 14 At a rate of C/10, the capacities of the two cells are comparable, 150 mAh/g for the templated V 2 O 5 vs 147 mAh/g for the control. Significantly, the first discharge capacity at 10 C for the templated cathode is 70% of the capacity at C/10, while the control at 10 C was only 27% of the C/10 capacity. The cycling data ͑which was reproduced in six different cells for each current rate͒ indicates a 2.5ϫ improvement in capacity at 10 C for the templated cathodes. It is also noted that the capacities at 3 C for the templated and control samples were 96 and 58% of the C/10 capacity, respectively.
Cathodes were also prepared preserving the POEM-b-PBMA component to act as an electrolyte in all-solid-state cells. For these cells, films containing POEM-b-PBMA and V 2 O 5 were cast with 5 wt % CB to wire the active material electronically. Prior to cast- ing, the CB was treated with fuming sulfuric acid and a series of sonicating and cryogrinding steps to facilitate interaction with POEM chains and reduce particle aggregation. A TEM dark-field image depicting a cross section of the final POEM-b-PBMA/ VO x /CB nanocomposite film is shown in Fig. 6a . CB particles ͑acid-treated͒ are visible as light spherical regions ͑ϳ40 nm diam͒. Also seen on careful inspection is the filamentous network structure of VO x previously reported for POEM-b-PBMA/VO x films; 19 dark portions of the image correspond to the PBMA domains. A TEM image of a POEM-b-PBMA/VO x film without CB is shown in Fig.  6b for comparison. The filamentous structure of VO x seen in Fig. 6b appears largely preserved in films containing CB, as exemplified in Fig. 6a . TEM revealed CB particles distributed throughout the films, although some aggregation of particles was observed.
Conductivity measurements on the films using impedance spectroscopy with blocking electrodes indicate a substantial improvement in conductivity in films with CB over those without. The conductivity of POEM-b-PBMA/VO x films alone was ϳ10 −10 S/cm, while films with 5 wt % CB had values close to 10 −5 S/cm. The conductivity was sufficient to allow use of the cathode films in an all-solid-state battery configuration.
POEM-b-PBMA/VO x /CB films ϳ100 m thick containing either acid-treated or untreated CB were used as cathodes in solidstate cells fitted with SPE ͑POEM-b-PBMA doped with LiCF 3 SO 3 at 20:1 EO:Li͒ and lithium foil anodes. Representative cycling data at a C/10 rate for batteries employing cathodes prepared with acidtreated and untreated CB are shown in Fig. 7 . The mass of the electroactive phase in the cathode, the V 2 O 5 , was used to determine the capacity. The reversible capacity of the cell was ϳ40 mAh/g, and it cycled reversibly for over 20 cycles. The acid-treated CB sample shows an improved capacity compared to that of the untreated sample on the first and second cycles, but the capacity rapidly decays by the seventh cycle to around the same plateau value as that of the untreated sample. The increase in capacity with cycling seen for the untreated CB sample is similar to results reported previously for all-solid-state batteries incorporating microphaseseparating electrolytes employing thin-film vanadium oxide cathodes. 20, 22 In those studies, the improvement with cycling was hypothesized to be linked to the reorientation of the polymer electrolyte morphology under the applied potential.
To verify that the origin of the observed capacity was the intercalation of Li + into vanadium oxide, control films were tested by CV in a three-electrode configuration. Three voltammograms are depicted in Fig. 8a for films containing POEM-b-PBMA with VO x , CB, or both. Blowups of the CV curves for the POEM-b-PBMA/VO x and POEM-b-PBMA/CB composite films are shown in Fig. 8b . The vanadium oxide film alone is characterized by one set of corresponding redox peaks reflecting intercalation/ deintercalation of Li + into/from the VO x structure, while the POEM-b-PBMA/CB film mainly exhibits capacitive behavior. The POEM-b-PBMA/VO x /CB film exhibits the same peaks, but the current obtained from this film is a factor of 20 higher.
Even though films cycled reversibly in solid-state batteries, their capacity was a great deal lower than that of the theoretical capacity for vanadium oxide of 147 mAh/g. To discover the origin of this disparity in capacity, cathodes were cycled with solid electrolyte of three different thicknesses, using cathode films incorporating acidtreated CB. In recognition of the decrease in capacity upon cycling, data are plotted from the second cycle. The test was repeated three times for each thickness to verify reproducibility. Representative curves for the second discharge step for these films, shown in Fig. 9 , indicate no plateaus in voltage, as would be expected for an amorphous material. The total capacity for these films varied by ϳ5 to 10 mAh/g for each electrolyte thickness investigated; however, the trend of decreasing capacity with increasing solid electrolyte thickness was always observed. The second discharge capacities for ϳ30, 60, and 90 m SPE films were 97, 63, and 22 mAh/g, respectively. These data indicate that one limit of the cell's capacity is the low ionic conductivity of the electrolyte. Reducing the thickness of the electrolyte, or employing an electrolyte of higher conductivity, 22 should result in a closer alignment of measured and theoretical values of capacity.
To investigate improvements in rate capability afforded by The open shapes correspond to the nanocomposite cathode film while the filled shapes are for the control. The capacities of batteries employing liquid electrolyte ͑ϳ90 mAh/g at C/10͒ was improved over those using the SPE ͑ϳ40 mAh/g for the same rate͒. Although the conventional cathode begins with a higher capacity at the low charge/discharge rate of C/10, the nanocomposite film shows less capacity loss and higher capacity at the higher rate of C/1.3. At current rates of C/1.3, the nanostructured cathode maintains 85% of the capacity obtained at C/10, while the control maintains ϳ55% of that capacity. The cycling data indicate the ability to cycle these materials as cathodes in rechargeable lithium batteries and demonstrate a rate capability improvement for the nanocomposite cathode. The capacity/rate enhancements observed in this work are consistent with findings reported elsewhere on other active electrode materials coassembled into nanocomposite electrodes using structure-directing agents.
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Conclusion
Cathode films containing a nanoscale vanadium oxide phase were fabricated using POEM-b-PBMA as a structure-directing matrix and CB as a conductivity additive. The films were cycled in all-solid-state batteries using POEM-b-PBMA as the electrolyte to provide a seamless interface between cathode and electrolyte. The cell performance was found to be limited, however, by the low ionic conductivity of the electrolyte, 20 as demonstrated by the dependence of the capacity on polymer electrolyte thickness, and by the higher observed capacities in films cycled in the presence of a liquid electrolyte. The nanostructured morphology of the vanadium oxide gave improved rate performance over that of conventional cathode geometries.
A potential alternative to improving the electronic conductivity of the vanadium oxide would be the partial conversion of the polymer to graphitic carbon through heating after the sol-gel processing of vanadium oxide, resulting in carbon coating on the oxide surfaces. Odani et al. have produced carbon-coated vanadium oxide through their RAPET method ͑which stands for reaction under autogenic pressure at elevated temperatures͒ using a vanadyl alkoxide precursor. 26 Sides et al. have used similar carbonization strategies to improve the conductivity of LiFePO 4 by pyrolizing a polycarbonate template. 12 With vanadium oxide chemistries, unlike iron phosphate, there is a balance between preserving the graphitized carbon from pyrolyzed hydrocarbons in the system and avoiding reduction of the Li + insertion material V 2 O 5 to less desirable oxides, such as VO 2 and V 2 O 3 . Investigating this approach to improve electronic conductivity could be the topic of future study. 
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